Abstract The phases of central (SCN) and peripheral circadian oscillators are held in specific relationships under LD cycles but, in the absence of external rhythmic input, may damp or drift out of phase with each other. Rats exposed to prolonged constant light become behaviorally arrhythmic, perhaps as a consequence of dissociation of phases among SCN cells. The authors asked whether individual central and peripheral circadian oscillators were rhythmic in LLtreated arrhythmic rats and, if rhythmic, what were the phase relationships between them. The authors prepared SCN, pineal gland, pituitary, and cornea cultures from transgenic Period1-luciferase rats whose body temperature and locomotor activity were arrhythmic and from several groups of rhythmic rats held in LD, DD, and short-term LL. The authors measured mPer1 gene expression by recording light output with sensitive photomultipliers. Most of the cultures from all groups displayed circadian rhythms. This could reflect persistent rhythmicity in vivo prior to culture or, alternatively, rhythmicity that may have been initiated by the culture procedure. To test this, the authors cultured tissues at 2 different times 12 h apart and asked whether phase of the rhythm was related to culture time. The pineal, pituitary, and SCN cultures showed partial or complete dependence of phase on culture time, while peak phases of the cornea cultures were independent of culture time in rhythmic rats and were randomly distributed regardless of culture time in arrhythmic animals. These results suggest that in behaviorally arrhythmic rats, oscillators in the pineal, pituitary, and SCN had been arrhythmic or severely damped in vivo, while the cornea oscillator was free running. The peak phases of the SCN cultures were particularly sensitive to some aspect of the culture procedure since rhythmicity of SCN cultures from robustly rhythmic LD-entrained rats was strongly influenced when the procedure was carried out at any time except the 2nd half of the day.
2003). We have approached these questions using a transgenic rat model carrying a luciferase gene under the control of the mouse Period1 (Per1) promoter. SCN cultures from these animals express circadian oscillations of Period1-luciferase (Per1-luc) expression indefinitely, while oscillations in cultured peripheral tissues damp after several cycles (Yamazaki et al., 2000) . The phases of central and peripheral circadian oscillators are held in specific relationships under LD cycles (Yamazaki et al., 2000; Abe et al., 2002) . The phase relationship between the SCN and liver can be manipulated by the time of feeding (Davidson et al., 2003a) , suggesting that coupling among an organism's circadian oscillators is not rigid, and phase relationships are therefore malleable. In behaviorally arrhythmic SCN-lesioned Per2 luc knockin mice (which have the luciferase reporter fused to the endogenous Per2 gene), PER2 expression rhythms in peripheral tissues are more robust but become desynchronized within individuals, suggesting that the SCN, while not required to sustain circadian rhythmicity in peripheral tissues, does serve to coordinate their phases (Yoo et al., 2004) .
Like the SCN lesion, prolonged constant light (LL) exposure disrupts behavioral circadian rhythms in rodents, resulting first in an increase in circadian period and then in arrhythmicity (Honma et al., 1996; Benstaali et al., 2001; Canal-Corretger et al., 2000) . It has been suggested that this effect of LL might be the result of disrupting the coupling among SCN cells (Mason, 1991; Zlomanczuk et al., 1991; Ohta et al., 2005) . Only limited information is available on the expression patterns of clock genes in the SCN and peripheral tissues of LL-induced arrhythmic animals.
Results from experiments using in situ hybridization and immunocytochemistry suggest that under LL conditions, Per1 mRNA (Shigeyoshi et al., 1997) and PERIOD2 protein expression (Sudo et al., 2003) in the SCN continue to oscillate for the 1st few days, after which the oscillations damp. Behaviorally arrhythmic animals whose arrhythmicity was induced by exposure to prolonged LL (more than 1 month) showed no rhythmic expression of PERIOD2 protein in the SCN (Sudo et al., 2003; Beaule et al., 2003; Amir et al., 2004) . The population sampling required for in situ hybridization or immunocytochemistry can indicate rhythmicity only when animals are in phase with each other. Once they become behaviorally arrhythmic, there is no marker to determine sampling timing for each animal. Therefore, one would not expect to see rhythmicity even if the SCN of each animal were rhythmic (for a more comprehensive discussion of this problem, see Davidson et al., 2003b) . To determine whether tissue oscillators are rhythmic in arrhythmic animals, it is necessary to analyze potential tissue rhythmicity in each animal separately. The importance of this approach is underlined by a recent study (Granados-Fuentes et al., 2004) in which a cultured olfactory bulb from LL-treated, behaviorally arrhythmic Per1-luc rats was found to have rhythmic Per1-luc expression with phases dispersed among individuals, while Per1-luc expression in SCN cultures from the same rats was not rhythmic.
In this study, we examined Per1-luc expression in cultures of SCN, pituitary, pineal, and cornea from rats exposed to long-term or short-term LL as well as LD and DD. From the behavior of these tissues in culture, we have inferred the state of the oscillators that they contain in the intact animals prior to sacrifice. Such inference is subject to at least 1 major reservation: The culture procedure itself may initiate or reset tissue rhythmicity. To control for this possible effect, we cultured tissues at 2 different times 12 h apart and asked whether the phase of the rhythm in culture was related to the time of culture preparation. In cases in which the phase of the rhythm in culture was completely determined by culture time, we assume that the oscillator had been stopped or severely damped in vivo. When the phase of the rhythm in culture was affected but not completely determined by culture time, we assume a phase-dependent response to the culture procedure and have verified this in the case of the SCN. When the phase of the rhythm in culture was unaffected by culture time, we assume that the oscillator had been robustly rhythmic in vivo and therefore was resistant to the effects of the culture procedure.
MATERIALS AND METHODS

Animals
Per1-luc transgenic rats [W(per1)1] were bred and raised in animal facilities at the University of Virginia under conditions approved by the Animal Care and Use Committee at the University of Virginia (light, 0500-1700h; dark, 1700-0500h). Heterozygous males and females were used for these experiments. Animals were between 2 and 6 months old at the time of the experiments.
As shown in Figure 1 , 5 groups of rats were kept in different lighting conditions before sacrifice. Locomo-tor activity and body temperature of each rat were continuously recorded by implanted transmitters (VM-FH, Mini Mitter, Sunriver, OR). Group 1 was the LD-entrained rats. Rats were held in LD until sacrifice. Group 2 (DD, 5 days) was rhythmic rats in DD. Rats were transferred from LD to DD 5 days before sacrifice. Group 3 (LL, 1 day) was rhythmic rats in LL. Rats were transferred from LD to LL 1 day before sacrifice. Group 4 (LL, 5 days) was rhythmic rats in LL. Rats were transferred from LD to LL 5 days before sacrifice. Group 5 (LL, long term) was LL-induced arrhythmic rats. The rats in groups 1 to 4 all showed rhythmic locomotor activity and body temperature at the time of sacrifice. The rats in Group 5 were transferred to LL at 1 to 2 months old and were considered arrhythmic when both locomotor activity and body temperature lost rhythmicity. Rats were anesthetized with CO 2 and sacrificed by decapitation at either ZT 11 or ZT 23 of the LD (or previous LD) cycle. LD-entrained rats were sacrificed without anesthesia at ZT 1, 2, 5, 11, 14, 17, and 23 , and SCN cultures were prepared to carefully define the effects of culture time on the phase of this important pacemaker. The 6-h light cycle phase shifts were performed as described in Yamazaki et al. (2000) and Abe et al. (2002) . Briefly, the 6-h advance in the light schedule was accomplished by advancing the time of lights-on, leading to one short 6-h night. The 6-h phase delay was accomplished by delaying the time of lights-off, resulting in one long 18-h day. After 1 complete new cycle, SCN cultures were prepared at 2 different time points-one corresponding to ZT 11 of the previous LD cycle and the other to ZT 11 of the shifted cycle (for details, see Fig. 8 ).
Tissue collections scheduled during the dark period were initiated in darkness with the aid of an infrared lamp and infrared viewer. The animals were not exposed to light before they were decapitated, and the eyes were removed. Others were done under normal room lighting. Dissection procedures in light and dark were exactly the same except for the lights.
Tissue Cultures
Tissues were removed quickly and chilled in Hanks' balanced salt solution at 4°C. The SCN, pineal gland, pituitary, and cornea cultures were prepared, and bioluminescence was measured as previously described (Yamazaki et al., 2000; Abe et al., 2002) . Briefly, the SCN-containing region of the brain was dissected out from a 300-µm-thick coronal slice made with a vibratome. Pineals were cut halfway through and flattened, pituitaries were hand sliced, and whole corneas were dissected out from eyes. The SCN, pineal, and pituitary pieces were placed on Millicell culture inserts in 35-mm culture dishes with 1.2 mL of culture medium, DMEM (D2902, Sigma, St. Louis, MO), supplemented with B27 (Gibco, Invitrogen, Carlsbad, CA), 10 mM HEPES, 352.5 µg/mL NaHCO 3 , 3.5 mg/mL D glucose, 25 U/mL penicillin, 25 µg/mL streptomycin, and 0.1 mM beetle luciferin (Promega Corporation, Madison, WI). Corneas were allowed to float free in the medium. Sealed cultures were maintained at 36°C in darkness, and their bioluminescence was continuously monitored with photomultiplier tubes (Hamamatsu, Japan).
Data Analysis
The average of bioluminescence counts from the first 3 days of culture was calculated; each count was normalized against the average and expressed as percentage relative bioluminescence. The normalized data sets were detrended (Abe et al., 2002) by subtracting the 24-h running average from the normalized data. The detrended data sets were smoothed by taking 3-h running averages. From the smoothed data set, the highest number in each circadian cycle was designated as the peak value, and its time of occurrence relative to the previous LD cycle was considered its phase. Cultures that expressed more than 2 circadian cycles were considered rhythmic (see Fig. 3 ). Peak phase is plotted for peaks that occur between 24 and 48 h in culture. An average vector was calculated based on the distribution of phase points around the unit circle. The angle of the vector corresponds to the mean phase for the group of points, and the magni- Rao's Spacing Test (Russel and Levitin, 1996) was applied to all data sets to determine whether the distribution of phases was random (as would be expected in the case of the arrhythmic rats if their tissue clocks continued to run and were not influenced by the culture procedure). lost rhythmicity (Figs. 2 B and D) . Activity became arrhythmic first, followed days or occasionally weeks later by body temperature. Most rats became completely arrhythmic within 4 months.
RESULTS
Per1-luc
Expression levels of the transgene in tissue cultures were monitored as luciferase activity (bioluminescence). We measured Per1-luc activity of 4 different tissues ( Fig. 3) , SCN, and 3 peripheral oscillators known to show robust Per1-luc oscillations (pineal, pituitary, and cornea) (Abe et al., 2002; Yamazaki et al., 2002) . No sex-dependent difference in Per1-luc rhythm (phase distribution and amplitude) was observed. Since the results from different tissues were quite different, we have described them separately below.
SCN
Somewhat surprisingly, peak phase of Per1-luc expression in the SCN cultures was influenced by culture preparation time in all groups regardless of prior conditions (Fig. 4A ). Cultures from rats either still behaviorally rhythmic after 5 days in LL (LL-R, 5 days) or behaviorally arrhythmic after long exposure (LL-AR) showed peak phases completely determined by the time of culture preparation. Preparation time also had an effect on the peak phase of SCN cultures from the other groups of rhythmic rats. Average phase differences between cultures prepared at the 2 different culture times were 6.0 h (LL-R, 1 day), 7.7 h (DD), and 4.9 h (LD). Since it can be assumed that in all the 504 JOURNAL OF BIOLOGICAL RHYTHMS / December 2005 behaviorally rhythmic rats the SCN was rhythmic in vivo, some aspect of the culture procedure must have reset its phase at least at one of the preparation times. A comparison of the effects of culture time on peak phase in DD, LL-R (1 day), and LL-R (5 days) suggests that the SCN oscillator in vivo is unaffected by 1 day in LL but after 5 days in LL has damped sufficiently to be completely reset by the procedure, although still robust enough to maintain behavioral rhythmicity. Peak amplitudes of the 1st peak in culture were significantly higher than the following peaks in all groups (p < 0.01); however, there were no differences between the groups (Fig. 5A ). There were no significant differences in free-running period of the Per1-luc expression rhythm between the groups, which is consistent with Yoo et al. (2004; but see Granados-Fuentes et al., 2004) .
Because of the unexpectedly large effect of preparation time on SCN phase even in animals held in LD cycles, we decided to investigate this effect in more detail. SCN slices from rats in LD 12:12 were prepared at 7 different times of day (ZT 1, 2, 5, 11, 14, 17, and 23) , and their peak phases in culture were determined (Fig. 6) . The cultures prepared at ZT 5 and ZT 11
showed Per1-luc expression rhythms with peaks around ZT 6, which corresponds to the peak phase of endogenous Per1 expression determined by in situ hybridization in rat SCN (Miyake et al., 2000; Asai et al., 2001) . Therefore, cultures prepared at these times were not reset by the procedure. When cultures were prepared at ZT 1, 17, or 23, the peak phases were delayed by 6 h. Cultures prepared between those times (ZT 2 and 14) peaked with intermediate delays.
Pineal
Pineal cultures from both rhythmic and arrhythmic rats showed rhythmic Per1-luc expression (Fig. 3) . Pineal cultures from rhythmic rats in LD or DD showed similar patterns of Per1-luc expression, with nighttime peak phases that were independent of culture preparation time (Fig. 4B ) and corresponded with those obtained in our previous study (Abe et al., 2002) . In the cultures from LL-AR rats, the expression levels peaked almost 11 h apart, suggesting strongly that phase was completely reset at least at one of the times at which the cultures were prepared. Short-term LL (1 or 5 days) did not reset the peak phase of Per1-luc expression completely. However, peak phases were clearly influenced by the time of culture preparation. One day of LL already had an effect on the lability of the pineal circadian oscillator, which is consistent with its effect on peak amplitude (see below). The phases of LL-R (5 days) cultures were dispersed compared to those from LL-R (1 day) cultures, suggesting that the pineal oscillator becomes progressively weaker with time in LL; however, after 5 days it is still capable of independent oscillation (i.e., its phase is not completely determined by culture time). In contrast, the fact that peak phase is directly related to culture time in LL-AR rats suggests that the Per1 expression rhythm is abolished or severely damped in these animals and that culture preparation either initiates or completely resets the oscillation.
Pineal cultures from rhythmic rats in DD and LD showed distinct Per1-luc expression peaks on the 1st day in culture, while peaks of the cultures from LLhoused rats (LL-AR and LL-R, 5 days) were less clear. The peak amplitudes determined from the smoothed data sets were compared between groups and between days within a group. On the 1st day of culture, the peak amplitudes in LD and DD were significantly higher than were those of any of the groups in LL and decreased over the next 2 days (Fig. 5B) . The 1st-day peak amplitudes of cultures from animals treated with a single day of LL were significantly lower than were those from LD or DD rats and significantly higher than were those from LL-AR or LL-R (5 days) rats. There was no difference in the peak amplitude between LL-AR and LL-R (5 days). Apparently, the effect of LL on peak amplitude begins on the 1st day in LL and is complete by the 5th day.
Pituitary
Ninety-five percent of pituitary cultures showed rhythmic Per1-luc expression (Fig. 3) . In the cultures from rhythmic rats in constant conditions (LL-R [5 days] and DD), there were no phase differences regardless of time of culture preparation (Fig. 7A) . However, the cultures from LL-R rats peaked 6 h later than did cultures from DD rats. Free-running periods of locomotor activity in LL were shorter than were those in DD, suggesting that the difference in phase may have been caused by the difference in free-running periods over the 5 days in constant conditions. When the cultures from LD-entrained rats were prepared at ZT 11, they showed peak phase and phase distribution comparable to cultures from rats in DD. On the other hand, cultures of LD rats prepared at ZT 23 exhibited quite a wide distribution of phases. Six of 10 cultures prepared at ZT 23 peaked at times similar to the cultures prepared at ZT 11, while the remaining 4 cultures peaked at roughly opposite phase. Surprisingly, the peak phases of cultures pre- pared at ZT 11 were more tightly clustered than were those prepared at ZT 23. It is difficult to account for this since by the time the animals have been in LL for months, culture times are essentially arbitrary and should be equivalent relative to any remaining circadian oscillations.
Cornea
The results from cultured corneas were quite different from those of the other 3 tissues (Fig. 7B) . There was no effect of culture time in any of the groups. Cultures from rhythmic rats in all lighting conditions (LD, DD, and LL) showed Per1-luc expression rhythms peaking in the early subjective night regardless of culture time, and there was no difference in phase between the DD and LL-R (5 days) groups (cf. pituitary data). Twenty of 21 cornea cultures from arrhythmic rats (LL-AR) showed rhythmic expression of Per1-luc. Their peak phases were dispersed throughout the day; Rao's Spacing Test indicated that their distribution did not differ significantly from uniformity. The data from the LL-treated, behaviorally arrhythmic rats suggest that the oscillators in their corneas continued to free run in vivo and drifted out of phase with each other because they received no synchronizing information. Peak amplitude in culture was not significantly different within each group (LL-AR, LL-R, DD, and LD). Furthermore, there were no significant differences in peak amplitude between groups except that the 3rd peak from LL-AR cultures was lower than that from the other groups (data not shown but see examples in Fig. 3) .
DISCUSSION
Perhaps the most striking observation that emerges from the work reported here is the differential effect of the light environment on the several oscillators that compose the rat's circadian system. This is particularly apparent when one compares the effects of longterm exposure to constant light on SCN with its effects on the cornea. The SCN oscillator is either stopped or severely damped by this treatment, whereas those in the cornea are essentially unaffected. Intermediate effects are found in the other 2 peripheral oscillators that we studied. Taken together, these results imply that coupling strengths and coordinating pathways among circadian oscillators vary considerably. If that is true, the behavior of the system (as well as its individual components) as it regains steady state following a perturbation will be complex and can be expected to interfere with normal function. The behavior of the cultured SCN in response to prior treatment of the animal with several different light regimens was somewhat unexpected. Even when rats were entrained to 12:12 LD cycles, peak phase of the Per1-luc expression of the SCN cultures was reset substantially by the culture procedure when it was carried out during the dark period or early in the light period (Fig. 6) . The peak phase of SCN cultures was not reset when they were prepared at ZT 5 or 11 as judged by the fact that their phases in vitro corresponded to the peak phase of the Per1 expression in vivo determined by in situ hybridization (Miyake et al., 2000; Asai et al., 2001 ). We did not measure the transgene expression pattern in vivo. However, expression pattern of the Per1-luc was considered to represent endogenous Per1 in vivo because we have not found any tissue in which peak phase of Per1-luc expression did not match with that of endogenous Per1 expression when tissue cultures were prepared at ZT 11. SCN cultures from animals held in DD for 5 days or LL for 1 day were reset somewhat more than were those from LD animals, while those from animals held in LL for longer times were affected the most. This pattern of response suggests that SCN oscillators are less robust and therefore more easily reset in DD than in LD and even less robust in LL of more than 1 day. In the 5-day LL group, the peak phase of Per1-luc in the SCN cultures was completely determined by culture time (at least at the 2 times studied) in spite of the fact that locomotor activity and body temperature of the animals were both rhythmic (Figs. 2 A and C). It is likely that the amplitude and/or synchrony among SCN oscillators was severely affected, yet its output was sufficiently robust to maintain these rhythms. The peak phases of SCN cultures from the arrhythmic animals exposed to long-term LL were determined by culture time (as in 5-day LL group), suggesting either severely damped oscillation or arrhythmicity of their SCN oscillators. GranadosFuentes et al. (2004) reported that 9 of 10 SCN cultures showed no circadian rhythm of the Per1-luc expression when the tissues were taken from rats made arrhythmic by brighter light than we used. This result contrasts sharply with our study, in which 20 of 21 SCN cultures from arrhythmic rats were rhythmic, although the rhythmicity was almost certainly induced by the culture procedure. This discrepancy suggests a significant but unrecognized difference in the culture techniques in use in these 2 laboratories and underlines the importance of carefully specifying all techniques and conditions to meaningful interpretation of such in vitro experiments.
Using mice with a brighter reporter (Per1-GFP), Ohta et al. (2005) have shown that constant light treatment that renders the animals behaviorally arrhythmic does not abolish rhythmicity in individual SCN cells, although the rhythms recorded from SCN slices were severely damped (trough-to-peak amplitude was 1.09). The constant light treatment caused SCN cells to dissociate from one another and assume a random distribution of individual phases. Apparently, constant light weakens coupling among the cells within a tissue, as well as among tissues and organs. Since we know from behavioral experiments with many different organisms that constant light changes free-running period, it is tempting to speculate that uncoupling within a tissue is a consequence of driving the constituent cells to a range of periods so different that the normal mutual-entrainment mechanisms fail (Nakamura et al., 2002; Honma et al., 2004) . This hypothesis has the virtue of providing a single explanation for the effects of constant light on circadian period and on coupling among circadian oscillators; it leaves unexamined the mechanisms that may be involved.
In the course of normal entrainment to light cycles, the SCN responds to retinal signals conveyed by neurotransmitters, primarily glutamate (Ebling, 1996) . To prepare SCN cultures, animals are usually anesthetized and decapitated, which must cause uncontrolled release of neurotransmitters. Such a neurotransmitter "flood" may provide the phase-shifting stimulus connected with culture preparation. This suggestion is supported by the fact that phase shifts occur primarily when the tissue is prepared in the dark period, when exposure to light is also most effective in shifting behavioral phase. It should be possible to test this idea by administration of excitatory neurotransmitter blockers prior to decapitation.
Regardless of the nature of the resetting signal provided by the culture procedure, it may well act by inducing expression of Per1. Miyake et al. (2000) observed significant induction of Per1 expression in the rat SCN by light pulses during the subjective night, at times when endogenous expression is low, but no induction during the subjective day, at times when endogenous expression is high. The induction was observed mainly in the ventrolateral SCN, which receives most of the direct retinal inputs, suggesting that light-induced release of glutamate and/or PACAP induced the Per1 expression. In our hands, when SCN slices were prepared for culture while Per1 expression in the SCN was high (ZT 5 and 11), the peak phases measured in culture were not shifted. In contrast, when cultures were prepared while Per1-luc expression in the SCN was low (ZT 17, 23, and 1), the phases in culture were delayed up to 6 h (Fig. 6) . These results suggest that when the endogenous Per1 expression level is low, additional Per1 expression is induced by some aspect of culture preparation and that such induction may cause phase shifts of the Per1-luc rhythm. Gillette (1986) reported preparation time-dependent phase shifts of the circadian rhythm of neuronal firing in the rat SCN slice. Peak phase of the firing rate delayed and advanced when brain slices were prepared during the early and middle of the night, respectively, while no major shift was seen when slices were prepared during the day. The preparation of brain slices in the subjective night did not induce phase shifts in the neural firing rhythm in the hamster SCN (Yannielli and Harrington, 2000) . Neither of those results coincides with the pattern we report here for the Per1-luc rhythm. Animals in Gillette's study were exposed to ambient light prior to decapitation, and dim red light was used by Yannielli and Harrington, while our animals did not see any visible light prior to decapitation. These differences in light conditions might result in different phase shift effects. Yamazaki et al. (2000) showed that locomotor activity rhythm shifted slower than did Per1-luc rhythm in the SCN after LD cycles were shifted by 6 h. This suggests that behavioral and Per1-luc expression rhythms do not behave in the same way always. Furthermore, since electrical activity and Per1-luc expression rhythms do not always behave in the same way (Vansteensel et al., 2003) , it is not excluded that common mechanisms might underlie culture timedependent phase shifts of these 2 different SCN rhythms.
In a previously published study, we described the rate of reentrainment in cultured tissues following 6-h delays and advances of the LD cycle applied to intact animals (Yamazaki et al., 2000) . After the 6-h phase shifts, the cultures were prepared at ZT 11 of the shifted LD cycle. We reported that the Per1-luc expression rhythm in the SCN shifted almost completely (6-h delay or advance) after the 1st cycle (Yamazaki et al., 2000) . Experiments in that study were not controlled for the possible phase-shifting effects of culture time, which we now know, on the basis of data reported here, could play a confounding role. To clarify the interpretation of our earlier data, we repeated the phase-shifting experiments but cultured SCNs at 2 different ZT times after the phase shifts. We reasoned that if our original interpretation was correct (i.e., that the SCN oscillation shifted rapidly following the light cycle shift), then SCNs from shifted animals should respond to culture times in the same way as those from unshifted animals. In other words, the SCNs of the shifted animals should already have reached steady state. Results of a limited test of this prediction are plotted in Figure 8 and support our original interpretation. Like the SCN, Per1-luc rhythm in the pineal cultures was completely reset by the culture procedure in rats made arrhythmic by long-term exposure to constant light. However, in both LD-and DD-treated animals, its response to culture was strikingly different from that of the SCN. Under these conditions, the peak phase of the pineal cultures was unaffected by culture time, suggesting that it is either not exposed to or not sensitive to a barrage of neurotransmitters during dissection. On the other hand, its rhythmicity in vivo must be rapidly damped by constant light since after only 1 day of exposure, its phase is robustly affected by culture time. The nocturnal increase of Per1 mRNA expression in the rat pineal is abolished by light exposure in a similar way to that of AA-NAT mRNA (Fukuhara et al., 2000; Simonneaux et al., 2004) . It is indicated that both expressions are regulated by norepinephrine release from the SCN (Simonneaux et al., 2004) . Taken together with the results reported here, this suggests that LL suppresses Per1 expression in vivo and that this effect is maintained in culture.
The response of the pituitary is difficult to interpret. Pituitaries from LD-treated animals dissected at ZT 11 express rhythms in vitro with phases tightly clustered around ZT 16.5; however, dissection at ZT 23 yields a random temporal distribution of phases. Since the random distribution was observed in males as well as in females in the ZT 23 group, estrus cycles were not responsible. Something may be occurring at this time that sensitizes the pituitary to an unknown and highly variable signal from the culture procedure. The discrepancy between the effects of the 2 different culture times disappears in DD, perhaps because the "signal" is not present in the dark or, more likely, because 5 days of DD free run changes the phase of the animals' endogenous rhythms relative to dissection time. Even more puzzling is the response of the pituitary in LLtreated, arrhythmic animals. In these animals, there should be no difference between the effects of the 2 culture times-they should either both reset rhythms completely (or initiate them), as in the SCN and pineal, or not affect phase, as in the cornea (see below). However, pituitaries cultured at "ZT 23" have randomly distributed phases, while those cultured at "ZT 11" have clustered phases. Although there were only 2 males in this group, female rats kept in LL show persistent estrus (Hoffmann, 1978) , and therefore it is unlikely that females' estrus cycles caused the random phase distribution. One possible explanation for this paradoxical result (which is qualitatively similar to the result from LD animals) is that there is an uncontrolled entraining agent in the environment, but it is hard to imagine such an agent operating in LL but not in DD.
The cornea is unique among the tissues that we studied. Its phase was unaffected by the culture procedure under all conditions. Even in animals made arrhythmic by long exposure to constant light, the phases of individually cultured corneas were randomly distributed, as would be expected if the cornea's circadian oscillators continued to free run in these behaviorally arrhythmic animals. Apparently, rhythmicity in the cornea persists for long periods in the absence of rhythmic input from the SCN since we know from the behavior of the SCN in this study, as well as other studies, that many of its outputs are arrhythmic or severely damped in LL (GranadosFuentes et al., 2004; Ohta et al., 2005) . Yoo et al. (2004) reported that peripheral tissues from SCN-lesioned mPer2 luc knockin mice lost normal synchrony within and among animals. This suggests that the SCN, while not needed to maintain rhythmicity in peripheral structures, is required to maintain normal phase relationships. In that study, the only exception was the cornea, which was tightly synchronized among SCN-lesioned animals. Although these animals were behaviorally arrhythmic, their eyes were exposed to light during dissection, and 1 explanation of the behavior of the cornea is that uniquely among peripheral tissues, it may have unusually direct access to the environmental light cycle. The idea that the cornea contains a robust, selfsustained circadian oscillator that is normally synchronized more or less directly by the retina would account for both the results reported here and those in the Yoo et al. study. This is not unreasonable since the cornea receives innervation from ocular nerves and contains melatonin receptors (Dyson et al., 1987; Meyer et al., 2002; Wiechmann and Rada, 2003) .
At least 1 central structure, the olfactory bulb, behaves in a somewhat similar way. Rhythmicity of mPer1 expression in this explanted tissue from transgenic rats persists when the tissue is taken from SCNlesioned animals or from animals made arrhythmic by 2 weeks of exposure to bright constant light (Granados-Fuentes et al., 2004) . The authors specifi-cally reject the possibility that rhythmicity is induced by the culture procedure on the basis that the distribution of phases is not related to culture time.
More generally, our results support an emerging view of circadian organization in multicellular animals: Most individual cells, tissues, and organs contain oscillators with the full range of circadian properties (including light sensitivity in some cases, e.g., Drosophila and zebra fish). These may be coupled more or less tightly to each other and to one or more central oscillators that influence their phase relationships. In the real world, the entire system is entrained to the environmental light cycle, and under those circumstances, the component oscillators are held in functionally adaptive phase relationships to each other. This view of circadian organization is consistent with the well-documented involvement of circadian rhythmicity in a wide variety of behavioral, physiological, and biochemical processes and has an important corollary: Because internal phase relationships have been fine-tuned by natural selection, disrupting them is likely to have deleterious consequences.
